1. Introduction
Background
To support the safety analyses required for the conversion of the Belgian Reactor 2 (BR2) from highly-enriched uranium (HEU) to low-enriched uranium (LEU) fuel, the simulation of a number of loss-of-flow tests, with or without loss of pressure, has been undertaken. These tests were performed at BR2 in 1963 and used instrumented fuel assemblies (FAs) with thermocouples (TC) imbedded in the cladding as well as probes to measure the FAs power on the basis of their coolant temperature rise. The availability of experimental data for these tests offers an opportunity to better establish the credibility of the RELAP5-3D [1] model and methodology used in the conversion analysis.
Historical analysis
Past RELAP analysis of the test A [2] defined the instrumented FA power as the experimentally measured power during the test. The axial power distribution was taken from a BR02 mockup core flux distribution and adjusted to match the measured cladding temperatures at steady-state. All the remaining power needed to reach 24 MW was assumed deposited in the other FAs using the same axial profile. The ANS-1979 decay heat standard [3] was used to evaluate the decay power and point-kinetics was used evaluate the residual neutron power after scram. This approach has the advantage of reproducing exactly the measured cladding temperature at steady-state. However, used in a loss-of-flow transient, this approach appeared to significantly over-estimate the secondary clad temperature peak occurring near the moment of flow reversal.
Scope of work
Upon review of the historical approach, it was concluded that some improvements were needed for the following reasons:
• It cannot be easily applied to study any core configuration for which FA powers and cladding temperature measurements are not available.
• It provides only a crude spatial approximation of the power distribution (up to 5 points, i.e., based on the number of TC data available).
• It does not take into account that energy is transported from the fuel and deposited in adjacent structures.
• It does not take into account the change in the power spatial distribution following the reactor scram occurring during the transient.
Therefore, efforts were made to develop a methodology that would yield a steady-state power distribution for any core configuration and provide better estimates of the decay power distributions after scram. To obtain the power distributions for the instrumented FAs and the other regions of the core, an improved MCNP5 [4] model of the 1963 core configuration was developed from a previous model [5] . This model is used to obtain the power distributions in the BR2 core during the tests. Decay power curves and decay gamma spectrum obtained from ORIGEN-2 [6] are used in conjunction with the MCNP model to estimate the power redistribution after reactor scram. This information is then used to automatically generate the RELAP steady-state and transient power cards.
The historical analysis used test A/400/1 (referred from here on as test A) as a benchmark case. Therefore some results presented in this work pertain to the analysis of this test. The same methodology is used for the analysis of two other loss-of-flow tests; test C/600/3 and test F/400/1 (referred from here on as test C and test F, respectively). When the results of the three tests will be similar, only a representative sample from a selected test will be shown.
Report organization
This report is organized as follows. Section 2 presents a short description of the BR2 including a description of the core state at the moment of each test. Section 3 describes in details the methodology and the assumptions used to estimate the steady-state and transient power distributions for use in the RELAP analyses. Section 4 presents results of some key analyses that were performed during the development of the methodology to evaluate the impact of model choices and verify the methodology. Section 5 presents the calculated power distributions used in the RELAP analyses of the tests. Finally, Section 6 summarizes and concludes the work presented in this report.
BR2 reactor core description

Overview
BR2 is a water-cooled reactor moderated by beryllium and water. The core, in a form of a twisted hyperboloid bundle, is located inside an aluminum pressure vessel. The beryllium consists of a matrix of hexagonal prisms, each with a central bore forming a channel. The flexibility of the BR2 core design allows for a variety of core loadings since each channel can contain one of the following: a control or regulating rod, an experimental device, a beryllium plug or a FA. Figure 1 shows a schematic of the reactor. Figure 2 shows a section of the Sylcor VIa FA used in 1963. A Sylcor VIa BR2 FA is composed of six concentric fuel "tubes" divided by aluminum stiffeners into three sectors. Each fuel plate (sector) was composed of an UAl x alloy meat clad by aluminum [7] . The central location of FA could Figure 1 . BR2 core schematic.
contain either an experimental device or a plug (Be or Al). The geometry of this type of FA is similar to FAs used in the current BR2 core. Figure 2 . Section of a BR2 Sylcor VIa fuel assembly.
During the 1963 loss-of-flow tests, all the FAs had a central Be plug with the exception of the instrumented FAs which had an instrumented pin (power probe) [8, 9] . In this work, the instrumented pins are modeled as aluminum plugs. This approximation is justified since the pins should produce only a small perturbation to the flux profile beyond the water displacement (as modeled by the Al plug).
Fuel characteristics
The exact fuel meat composition of the Sylcor VIa FAs is not well defined in the available literature [7, 8, 9, 10] . It provides incomplete or inconsistent information for the following parameters; i) weight percent of uranium in the fuel meat, ii) porosity, iii) volume fraction of each component of UAl x , and iv) exact enrichment. Therefore, Table 1 provides the fuel composition assumptions considered in this work. 
Core state during the loss-of-flow tests
The loss-of-flow tests were performed about nine months after the BR2 startup. During that time, the reactor produced about 1850 MWd of energy [11] . Since an operating cycle was dedicated to the tests, the core was loaded with 14 fresh FAs (4 of them instrumented) at the beginning-of-cycle (BOC). The core was also loaded with 7 control rods and 2 regulating rods in the arrangement (labeled as "configuration 4") shown in Fig. 3 . Note that from herein on, BOC will refer to the beginning of the operating cycle dedicated to the tests. The thermocouple labeled TC13 was located at the axial mid-plane of the fuel meat, while the others were placed at ±150mm (TC12, TC14) and ±300 mm (TC11, TC15) from the mid-plane.
No information about the orientation of the FA within the core could be found in the documentation of the tests. Therefore, a reference orientation was selected arbitrarily based on the orientation illustrated in a drawing from Ref. 8. Since no positions are provided in the operational log of the tests [11] , the regulating rods are assumed to be nominally withdrawn to 250mm [12] at the initiation of all tests. The detailed power history [11] from BOC to each test initiation is shown in Fig. 5 . Table 2 gives other key parameters necessary to define the core state (from a reactor physics perspective) at the initiation of the tests. 
Power calculation methodology for the 1963 tests
The current methodology uses MCNP5 and ORIGEN-2. Therefore, brief descriptions of these two codes are provided in Section 3.1. The code used to predict the evolution of the beryllium matrix, BERYL [13] , is also briefly described in that section. A discussion of each step of the methodology is presented in Section 3.2.
Codes descriptions
MCNP5
As used in this work, MCNP is a general-purpose Monte Carlo N-Particle code that allows for fixed source and criticality calculations taking into account the physics of neutrons and photons through ENDF-B/VII point-wise cross sections. For neutrons, all reactions given in a particular cross-section evaluation are accounted for. Thermal neutrons are described by both the free gas and S(α,β) models. The MCNP threedimensional model of the reactor is defined by surfaces forming geometric cells to which materials are assigned. The MCNP energy deposition tallies for neutrons and photons, f6:n, f6:p and f6:n,p are used to obtain the three-dimensional profiles necessary to estimate the power distributions.
ORIGEN-2
ORIGEN is a point-depletion code designed to evaluate the buildup and decay of radioactive materials. Therefore, its main function is to calculate the time-dependent concentrations of nuclides using a matrix exponential method. It also evaluate the gamma source term associated with the fission products, actinides and other activated materials. ORIGEN-2 was the last version of the code to be distributed as a standalone version. It performs one-group depletion using ENDF/B-VI cross-sections libraries generated for spectra of different reactor systems. However, it allows the use of any cross-sections generated for other reactor systems.
BERYL
BERYL is a point-depletion code calculating the time-dependant (generation, depletion and decay) concentrations of the Be-9, Li-6, H-3 and He-3 isotopes for a given irradiation history of the beryllium matrix. This is performed by solving analytically a set of ordinary differential equations describing the proper simplified transmutation chains.
Reactor-specific reaction rates must be provided (extracted from MCNP5 in this work) in addition to the power history.
Overview of the methodology
To obtain a better estimate of the steady-state and decay power distributions, the new methodology provides a detailed power distribution for each region of the core at steadystate and an estimate of the power redistribution during the transient for any core configuration. The methodology, illustrated in Fig. 6 , is not significantly different from a typical Monte Carlo (MC) based depletion scheme such as the methodology used at BR2 [14] . The main features implemented to address the issues related to obtaining the power distributions at steady-state and during the transient for the tests are:
• Use of a consistent approach to model the fuel depletion, fission gamma spectrum and decay power.
• Selection of the state points at which a MCNP flux solution should be recalculated.
• Use of effective control rod positions (MWd-averaged positions) for depletion.
• Use of flux normalization factor based on the fission and capture energy specific to the 1963 BR2 core configuration.
• Automatic generation of RELAP time-dependent power distribution cards. The dynamics of He-3, H-3 and Li-6 is such that: i) Li-6 saturates after a few hundred equivalent full power days (EFPD) [13] , ii) H-3 keeps accumulating over time, iii) at steady-state, the He-3 concentration reaches an equilibrium value determined by the decay of H-3 and the capture of thermal neutrons in He-3, and iv) at reactor shutdown, He-3 starts to accumulate.
Experience at BR2 as well as previous studies [13] of reactors containing a significant amount of beryllium show that the concentrations of He-3, H-3 and Li-6 can affect significantly both the criticality of the core as well as the power distribution. The level of Be matrix poisoning is therefore a major phenomenon affecting the BR2 core state at the 1963 tests' BOC.
The BR2 SAR [15] correlates the measured He-3 reactivity impact after a day of shutdown to energy produced (related to fluence in the matrix). According to this correlation, this effect should be of the order 0.001 %dk/k per day of shutdown at the beginning of the tests and therefore negligible.
However, the Li-6 concentration has a sufficiently large impact on reactivity at BOC to necessitate its modeling. Moreover, the presence of a significant thermal absorber in the moderator will also affect the spectrum and consequently the one-group cross sections used for depletion. For generality, the evolution of all three neutron poisons (He-3, H-3 and Li-6) is modeled.
To obtain the He-3, Li-6, and H-3 concentrations at BOC, an MCNP5 model for a fresh (fuel and matrix) "configuration 4" core was used to calculate the various reaction rates needed to predict the poison concentrations using the BERYL code. This approximation is adequate since the exact core configurations from the reactor startup to BOC were similar to the "configuration 4". Since the reaction rates in Be are strongly dependant on neutron flux level and spectrum, care was taken to properly discretize the matrix based on BR2 staff recommendations. The beryllium matrix reaction rates were calculated for various zones such as beryllium hexagons surrounding FAs, beryllium hexagons surrounding control/regulating rods, control rods' Be followers, etc.
Evaluation of one-group cross sections and reaction rates (step 2)
To evaluate the He-3, Li-6, and H-3 concentrations, the power history before BOC [11] , an average control rod (CR) position [16] and the reaction rates calculated in Step 1 are used as input data to BREYL. Using these concentrations and the MWd-averaged CR position between BOC and test A, the MCNP model is updated. This model is then used to extract reactor-specific one-group cross sections and new matrix reaction rates for Step 3. For tests occurring after test A, the MCNP5 model of the previous test is updated with the MWd-averaged CR position between the two tests. Table 3 provides the list of uranium isotopes, actinides and fission products (FP) for which reactor-specific one-group cross sections are extracted from the MCNP5 model according to,
(1) The BR2-specific one-group cross sections are used to replace the cross sections presents in the ORIGEN-2 standard library. Using information from the ORIGEN-2 output, it was estimated that this list of isotopes represents more than 99.9% of all absorptions in the fuel for the small burnup achieved during the tests.
Determination of core state at the initiation of a test (step 3)
To develop the BR2 MCNP model representing the core state at the initiation of a test, it is necessary to calculate the change in fuel and the beryllium matrix compositions due to the irradiation. IF an MCNP flux calculation was performed for each power step shown in Fig. 5 , the computation time would be unpractical. Therefore, the flux solutions are obtained at the beginning and end of each of the power history color sets shown in Fig. 5 .
The ORIGEN-2 depletion calculation is performed for an average FA using the onegroup cross-sections from Step 2 and the appropriate detailed power history (in Fig. 5 , blue power history for test A, red power history for test C and green power history for test F). Note that the cross-section burnup interpolation feature of ORIGEN-2 was turned off.
The above approach captures the main depletion effects and the overall effect of the complex Xenon dynamics resulting from the power history. Considering the small amount of burnup achieved during the tests (about 1.0 atom % of 235 U at the initiation of test F), this approach is adequate since the small change in fuel burnup:
• will not significantly alter the steady-state power sharing between FAs, • will not significantly affect the steady-state axial power distribution, • will not require an iterative strategy to converge the number densities (no significant change the spectrum and flux level).
Moreover, it is expected that the decay power distribution is mainly a function of the steady-state power distribution (short-lived fission products) for the short duration of the transient of interest. Therefore, the approximate burnup distribution produced by this approach will have little impact on the predicted power distributions.
The ORIGEN-2 model is also used to calculate the total and gamma decay power curves as well as the fission gamma spectrum consistently with the fuel depletion. A best estimate for the steady-state power distributions requires the evaluation of the prompt and delayed components of the power (see Sections 3.2.4.1 and 3.2.4.2). In the current methodology, the predicted decay power from ORIGEN-2 is used to determine the delayed fraction of the total power at steady-state (see Eq. 4 and Table 4 ).
A new matrix composition (Be-9, He-3, Li-6, and H-3 number densities) is evaluated using the code BERYL, the reaction rates calculated in Step 2 and the detailed power history shown in Fig. 5 .
Once new compositions are obtained, the MCNP model materials are updated. The CR positions are also updated to match the recorded positions at the initiation of the test under consideration since both the steady-state and decay power distributions depend on the instantaneous power distribution prior to scram.
Determination of the power distributions for a test (steps 4 and 5)
Prompt and delayed energy deposition profiles
The BR2 core heated structures, as modeled in the RELAP model [2, 17] , can be arranged in the three groups shown in Fig. 7 ; i) the plugged group, ii) the average FA group, and iii) the instrumented group.
To calculate the steady-state power distribution for RELAP using the updated MCNP model from step 3, the two following energy deposition profiles are evaluated for the heat structures in each group: 1) A prompt energy deposition profile calculated using the f6:n and f6:p tallies in a coupled neutron-photon criticality calculation, 2) A delayed energy deposition profile using the same tallies as above in a coupled neutron-photon fixed source calculation using the decay gamma source. Note that for the instrumented FA of interest (F-346), the power was explicitly tallied for the sector containing the thermocouples in order to capture the FA sector power peaking effect due to the orientation of the FA. A sensitivity study was performed to evaluate the power azimuthal peaking within a sector for the "configuration 4" (see Section 4.6) and this effect is addressed separately in Ref. 18 .
For a given power (see Section 3.2.4.2), the prompt component of the steady-state power distribution is obtain by properly normalizing the associated energy deposition profile using a reactor-specific effective recoverable energy per fission (from prompt fission and capture), i.e., an effective Q-value. This Q-value is obtained from the MCNP simulation by tallying the total energy deposited in the core per fission neutron and then applying,
where E tally is the total recoverable energy per fission neutron calculated using an f6:n,p tally, υ is the average number of neutron per fission and k eff is the effective neutron multiplication factor.
Since the Sylcor VIa FA has fuel enriched to 90 w/o in 235 U and a low burnup is achieved during the tests, the effective prompt Q-value should remain relatively constant from test to test. However, for generality, it is recalculated every time the flux solution is recalculated.
Due to the low burnup achieved during the tests and because the axial shape remains relatively constant between the various FAs, the decay gamma source needed to obtain the delayed energy deposition profile can be approximated by:
• A multigroup gamma energy spectrum calculated by averaging the timedependent ORIGEN-2 gamma spectrum over the duration of the transient of interest (see Section 4.3), • A uniform spatial distribution of the gammas along the tube thickness • An isotropic angular distribution,
where P i is the neutron power (f6:n) in FA i, P T is the total neutron power, m j is the 235 U mass of plate j, and m i is the 235 U mass in FA i, and α k is an normalized average axial fission power distribution.
The delayed energy deposition profile will be normalized based on the components of the delayed power predicted by ORIGEN-2. For simplicity, this energy deposition profile is also used to evaluate the transient power distribution. Since the activation of the CR was neglected, it is expected that the CR position after scram has a negligible impact on the gamma decay power shape and therefore, using the steady-state delayed deposition profile is adequate.
Steady-state power distribution evaluation
To obtain the steady-state power distribution, it is necessary to add consistently the prompt and delayed MCNP energy deposition profiles discussed in Section 3.2.4.1. Therefore, a proper weighting factor must be obtained for each of the following contributors to the energy deposition profile: prompt neutron and gammas produced by fission and capture, delayed gamma produced by fission and delayed charged particle produced by fission.
To remain consistent with the ORIGEN-2 predicted decay power for a given test ( ORIGEN decay P ), the prompt power (P prompt ) used to normalized the prompt energy deposition profile is determined by
where P test is the core power during a test (see Table 2 implies that external sources of heat that are part of the balance of plant, such as pump heat, have been neglected. Note that the energy released from the decay (gamma and/or beta) of isotopes created through neutron capture was not taken into account in this work. Table 4 gives the components of the steady-state power distribution, the tallies used to calculate the energy deposition profiles and and their weighting factors. The steady-state power distribution obtained by combining all the components shown in Table 4 are then used to generate the RELAP cards for each of the heat structures.
Transient power distribution
To generate the decay power distribution as a function of time after reactor scram, it is assumed that, for the period of interest (up to 60 seconds into the transient), the decay power comes mainly from the short-lived fission products whose distribution depends more on the instantaneous power than on the burnup distribution (same assumption as in the steady-state power distribution). Equations 5 and 6 are the relationships used to generate the decay power distribution for the non-fueled and fueled regions, respectively.
For each non-fueled region i, the normalized time-dependent power at each axial node j was calculated from, 
where
is the normalized delayed gamma power in axial node j of region i (regions are shown in Fig. 7 
is the normalized delayed power from α and β decay (approximated by the steady-state neutron power distribution) in an axial node j of region i.
The photo-neutron contribution to the decay power is not taken into account in this methodology. This contribution should be relatively small since only slightly above 4% of the decay gammas are above the 1.666 MeV threshold [19] for the (γ, n) reaction in beryllium. This assertion is confirmed indirectly by a previous study at BR2 [20] that calculated, using point kinetics with delayed groups for neutrons and photo-neutrons, a combined decay power contribution from those two processes to be less then 0.15% of total power 20 seconds after a scram. A similar conclusion was also reached for another reactor using beryllium [21] .
Analyses performed during development of the methodology
This section presents the analyses performed during the development of the methodology. Section 4.1 provides a comparison of the decay curves obtained using ORIGEN-2 and the ANS/ANSI-5.1-2005 standard [22] . Section 4.2 presents a study evaluating the behavior of the decay gamma spectrum during the period of interest for the test transients. Section 4.3 presents the analysis of the criticality bias for the MCNP 1963 core "configuration 4" model. Sections 4.4 and 4.5 present a verification of the computational predictions for the instrumented FA's total power as well as its axial power distribution, respectively. Section 4.6 presents the analysis of the azimuthal power peaking occurring within a sector for the 1963 core "configuration 4". Section 4.7 presents an analysis of the change in the axial power shape as a function of time during the transient.
Comparison of the ORIGEN-2 and ANS/ANSI 5.1 decay curves
As discussed in Section 3.2.3, the total and gamma decay power curves were obtained from ORIGEN-2 in order to evaluate the decay power during the transient (see Section 3.2.4). The photon data used in the ORIGEN library prior to SCALE5 [23] was shown to be adequate to calculate gamma emission and gamma heating in light-water reactor at times longer than about one day. However, at shorter times after scram, decay heat prediction from ORIGEN-S [24, 25] A small under-prediction can be observed in Fig. 8 for times shorter than 10 seconds after scram. However, at the time the cladding temperatures are expected to peak, i.e., at about 40 seconds after reactor scram, the two curves are in good agreement. It is also known [23] that the gamma energy spectrum from ORIGEN prior to SCALE5 under-predicts the intensity of low energy gammas for short time after reactor scram. Further studies will be performed to evaluate the impact of the gamma spectrum from ORIGEN-S "post SCALE5" on the predicted power distribution after scram.
Study of the time-dependency of the decay gamma spectrum
The analysis presented in this section is performed to justify the use of a time-averaged gamma spectrum to calculate the decay energy deposition profile in MCNP (see Section 3.2.4). Tables 5 and 6 give the contribution of each energy group, in percent, to the total gamma source as a function of time after reactor scram during test A up to 50 seconds. This data also reflects the behavior predicted by ORIGEN-2 for tests C and F.
It can be seen from these tables that for the duration of the transient of interest ORIGEN-2 predicts that the gamma spectrum will remain relatively unchanged (less than 2% change) for the energy groups contributing more than 0.2% to the total decay gamma source. Only gammas in the two highest energy groups change significantly over that period. The small contribution of these two energy groups is obvious in Fig. 9 , which shows the time-averaged decay gamma spectrum predicted by ORIGEN-2.
Since the spectrum remains relatively unchanged, the time-averaged gamma energy spectrum used to calculate the gamma decay power distribution for each region is applicable. This also implies that, under these assumptions, the gamma power distribution will remain constant throughout the transient. Figure 9 . Time-averaged decay gamma spectrum predicted by ORIGEN-2. Table 6 . Gamma energy groups (above 1 MeV) contribution, in percent, to the decay gamma source during test A. 
Criticality bias of the "configuration 4" MCNP model
In order to verify that the MCNP model can be used credibly to simulate the 1963 core "configuration 4", a study of the predicted k-effective for expected critical rod positions is performed for four core states. This type of comparison provides an indication that the depletion methodology adequately models the burnup and xenon effects at the initiation of the tests.
Using the fresh (fuel and matrix) core MCNP model (see Section 3.2.1) with the control rods withdrawn to 450mm [16] , a criticality bias of about +0.7% Δk/k is observed. Using the control rod height of 551mm recorded at the beginning of test A [11] , the critical bias of the test A MCNP model is also about +0.7 %Δk/k from critical. Due to small inconsistencies in the exact time at which the control rod positions are recorded for tests C and F [11] , the criticality bias for these tests varies between 0.6%Δk/k and 1.2%Δk/k. Even though a small increase in the criticality bias is possible for these two tests, the bias remains acceptable for all tests.
A sensitivity study performed to evaluate the impact of inserting the CR between 15-20mm from the CR positions shown in Table 2 to obtain k-effective closer to 1.0. These perturbations have a reactivity impact of about 0.8% Δk/k but had a negligible impact on FA-averages one-group cross sections (<1% change) and predicted peak cladding temperatures (about 2°C for test C).
Verification of the fuel assembly power predictions
To further verify that the MCNP5 model and methodology are adequate, the predicted FA powers was compared with experimental measurements for the four instrumented FAs shown in Fig. 3 . Table 7 gives calculated FA powers for tests F and C as well as the measured FA power for similar conditions. Considering that the reported uncertainty [8] on the measured FA power is 13% and the fact that the core states are not identical, the results given in Table 7 show a very good agreement between the measured and computed FA powers.
Comparison of axial power distributions from the current and historical approach
As an additional verification, the axial power distribution obtained with the current methodology is compared with the historical calibrated distribution (see Section 1.2). In Fig.10 , it can be seen that the MCNP axial power distribution for the instrumented sector (green line) are consistent with the calibrated distribution (red line) used in the historical approach. The current methodology predicts a an average power about 10%higher for TC11, TC12 and TC15 while predicting a 12% lower average power at the peak location (TC14). At the location of TC13, the discrepancy is about 1%.
Study of sector azimuthal peaking for test A
As in the current core configuration, the BR2 1963 FAs were subjected to strong azimuthal power peaking. However, in the "configuration 4", the azimuthal peaking is produced by a different mechanism than in the current core. In the 1963 configuration, the CRs were aligned on vertical and diagonal rows (see Fig. 3 ) and consequently, produced a thermal neutron flux peak about the midpoint between each of the CR rows. The azimuthal power peak therefore occurred at a given location within a sector based on the orientation of the FAs with respect to that thermal neutron flux peak. The impact of two orientations of FA F-346 during test A is illustrated in Fig. 11 . Figure 11 . F-346 FA local-to-average peak for two orientations of the hot sector.
In the orientations shown in Fig. 11 , thermal neutron flux peaks (and associated power peaks) occur near the aluminum stiffeners. It is expected that a power peak at that location would not result in a significant increase in cladding temperature due to the azimuthal heat conduction in the stiffener.
The worst case should therefore occur when a FA is oriented such that the thermal neutron flux peak is located near the center of a plate (sector). From a thermal-hydraulics perspective, this location of the peak is limiting since conduction to the plate's unfueled edges and the stiffeners will be minimal. Figure 12 illustrates this orientation and shows the azimuthal peaking at the axial height of the power peak (hot plane). Since no accurate information regarding the orientation of the FAs during the 1963 tests is available, the analyses were performed using the sector averaged power. The impact of the azimuthal peaking is therefore studied in a separate analysis [18] using the orientation shown in Fig. 12. 
Change in the axial power profile during the transient
After scram, since a larger fraction of power is generated from decay gammas, it is expected that the axial power distribution should flatten due to the relatively larger meanfree-path of gammas. Therefore, it is necessary to study the change in axial power profile during the transient in order to determine if this phenomenon must be modeled in RELAP. Figure 13 shows the ratio of the decay axial power shape to steady-state axial power shape during test C. Figure 13 . Ratio of the decay to steady-state axial power shapes during test C.
As expected, the axial locations with a higher steady-state power (below midplane) show a small reduction while the axial locations with a lower steady-state power show a small increase. As seen in Fig. 13 , this effect is about 4%, at most, for the period of interest after reactor scram. The axial location where the power peak occurs during these tests (around 15cm below mid-plane) sees changes smaller than 1%. This effect was therefore neglected in the RELAP power distribution cards.
Computational results
This section presents a representative sample (from the different tests) of the computational results used to generate the RELAP steady-state and transient power cards. In can be observed that, as expected, the power distribution flattens as the CR are withdrawn further. It can also be seen that, for these three tests, the axial power peak occurs in the beryllium follower at about 20cm below the tip of the CR. These distributions are used to generate the RELAP cards specifying the steady-state axial power profile of the fuelled regions. They are also used to evaluate the axial distribution of one of the components of the decay power distribution (
in Eq. 6).
Steady-state power fraction for each region at initiation of test C
Using the approach described in Section 3.2.4, the steady-state power for each region of the core (see Fig. 7 ) was calculated using MCNP. These results are used to generate the RELAP cards specifying the steady-state power in each region. Table 8 gives the percentage of total power for each region at the initiation of test C. Note that this breakdown is representative of the tests A and F. As expected it can be seen that, at steady-state, a large fraction of the energy is deposited in the fuel. For the 1963 core "configuration 4", this fraction is typically around 93%.
For each of the RELAP heat structures, Table 9 shows the breakdown between the power generated by neutrons and gammas at initiation of test C. Note that this breakdown is representative of the tests A and F. Table 9 , it can be seen that, as expected, all non-fuelled regions are mainly heated by gammas. The percentage of power produced by gammas at steady-state varies from region to region; about 6% for a FA, about 72% for a beryllium hexagon that surround a FA, and around 90% and above for the other structures. By comparing results in Table 9 and Fig. 15 , it can be observe that regions with a larger fraction their power generated by gammas have a flatter axial profile as expected. For simplicity, the axial profiles in non-fuelled regions are reduced to five axial zones before generating the RELAP power distribution.
Steady-state axial power distributions at initiation test A
Decay power for each region during test F
This section presents the computational results, from test F, related to the generation of the RELAP transient power cards. Figure 16 shows the decay heat curve (as the ratio of decay to steady-state power) generated by ORIGEN-2 for test F. Note that the decay heat curve is also representative of tests A and C. Table 10 gives the percentage of decay gamma power for each region of test F immediately after scram. Note that this breakdown is also representative of tests A and C. Table 10 shows that, as expected, the decay gamma power is much more distributed among the various regions of the core than the steady-state power. For the reasons mentioned in Section 4.2, the breakdown shown in table 10 is kept constant throught the transient. This information, combined with the axial gamma power distribution, is used to evaluate Since the fraction of the total decay power generated by gamma increases with time after scram, the total decay power tends to redistribute itself from the fuel to other regions. To illustrate this fact, the decay powers of the various regions have been combined into three zones: fuel, beryllium hexagons and other. Table 11 gives the fraction of the decay power for those three zones at steady-state and at three times during the transient. Note that this behavior is also representative of tests A and C. 
RELAP peak cladding temperature during test A
Using the steady-state and decay power distributions from both methodologies (current and historical), the cladding temperature was calculated by RELAP [17] at various heights in the instrumented fuel assembly (F-346). For the test A transient, Fig. 18 shows the measured and predicted peak cladding temperatures (TC14, 150mm below the midplane) with the historical and current approaches. It can be observed that the power distribution obtained with the current methodology drastically improves the agreement between measured and predicted cladding temperatures.
Conclusions
In order to support the HEU to LEU conversion safety analyses of the BR2 reactor, RELAP simulations of a number of loss-of-flow/loss-of-pressure tests have been undertaken. Preliminary analyses showed that the conservative power distributions used historically in the BR2 RELAP model resulted in a significant overestimation of the peak cladding temperature during the transient. Therefore, it was concluded that better estimates of the steady-state and decay power distributions were needed to accurately predict the cladding temperatures measured during the tests and establish the credibility of the RELAP model and methodology.
The new approach ("best estimate" methodology) uses the MCNP5, ORIGEN-2 and BERYL codes to obtain steady-state and decay power distributions for the BR2 core during the tests A/400/1, C/600/3 and F/400/1. This methodology can be easily extended to simulate any BR2 core configuration. Comparisons with measured peak cladding temperatures showed a much better agreement when power distributions obtained with the new methodology are used.
